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Abstract. A combined analysis of the published data on the pp — dK T K" reaction at excess energies of
47.4MeV and 104.7 MeV is presented that takes into account final-state interactions in both the K+ K° and
K°d channels. The strong attraction of the antikaons with nucleons, already noted for the pp — ppK+ K~
reaction, leads here to very different K°d and KTd distributions, with the former being dominantly in an
s-wave and the latter in a p-wave. Evidence is also found from the K+ K° distributions for the production
of the ag (980) scalar resonance. The inclusion of both final-state interactions improves the description of
the energy dependence of the pp — dK+ K° total cross-section.

PACS. 13.60.Le Meson production — 13.75.Jz Kaon-baryon interactions — 14.40.Cs Other mesons with

S =C =0, mass < 2.5GeV

1 Introduction

The nature of the light scalar resonances ao(980) and
f0(980) is still far from being understood [1]. One reason
for this is the lack of precise information about their cou-
pling to the hadronic channels and especially to the K K fi-
nal states [2]. It has been argued that the knowledge of the
couplings might allow one to establish whether these light
scalars are genuine gg-mesons, or four-quark, or molecu-
lar states [3,4]. In the case of the ay(980)-resonance, many
precise measurements have been performed to explore the
77 channel. On the other hand, the data available for the
KK channel are quite limited, with large statistical errors
and poor mass resolution. Further experimental data are
therefore necessary in order to clarify the current situa-
tion and this was the motivation for the study of ag (980)
production in the pp — daﬂ)' — dKT K9 reaction.
However, kaon pairs can also be created through the
pp — K+pY%* reaction, where the hyperon decays wia
Y* — KO%. A final-state interaction between the pro-
duced neutron and proton can then lead to the deuteron
observed in the pp — dKtKY reaction. There are, of
course, several excited hyperons that could contribute to
such a process. Of particular interest for low-energy pro-
duction are the X(1385) and the A(1405). Although the
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central values of their masses are below the KN thresh-
old, their widths extend well above, and these hyperons
will certainly influence spectra through a KN final-state
interaction.

There is an extensive programme at the COSY COoler
SYnchrotron of the Forschungszentrum Jiilich to study the
production of the ag(980) and f;(980) resonances, as well
as the X(1385) and A(1405) hyperons, in nucleon-nucleon
collisions. Using the ANKE magnetic spectrometer and its
associated detector systems, placed at an internal target
position of the storage ring, positive kaons can be identi-
fied against a very high pion and proton background with
the help of dedicated AE-E telescopes [5]. These allow
coincidence measurements with other charged particles to
be performed.

The pp — dKT KO reaction was investigated at the
two proton beam energies of T, = 2.65GeV [6] and
2.83 GeV [7], corresponding to the excess energies of € =
47.4MeV and 104.7 MeV, respectively. In both cases the
KT and the deuteron were measured directly, with the K°
being identified through a missing-mass peak.

At energies close to the reaction threshold, only a lim-
ited number of partial waves can contribute in the final
state. However, conservation laws demand that there be at
least one p-wave in the dK+K° system. This requirement
can be expressed in one of several different but equivalent
coupling schemes. The data analysis presented in refs. [6,7]
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considered an s-wave in the KK system in association
with a p-wave of the deuteron with respect to the meson
pair, {(KTK")d},, and a p-wave K™ K" pair being in an
s-wave with respect to the deuteron, viz {(K+TK?),d};.

It should be noted that the ag (980) can contribute
only to the {(KTK?),d}, configuration, and the separate
analyses of the two data sets revealed the dominance of
this channel at both energies. However, when these results
are transformed into a basis of the type {{K°d},K*}y,
it is seen that the {K°d} system is also dominantly in
the s-wave, with the KT being in the p-wave. This sug-
gests that the data might be influenced simultaneously
by the production of the ag (980) and the K°d final-state
interaction.

The relationships between the amplitudes and observ-
ables in the different coupling schemes are discussed in
sect. 2. A combined fit to the data at the two energies
is presented in sect. 3, where it is assumed that the rela-
tive strengths of the amplitudes are constant in @), apart
from the angular-momentum factors. It is to be expected
that the shapes of the corresponding spectra would be
distorted by both the ag (980)-resonance, and the K°d
final-state interaction and the theoretical forms of these
are the subject of sect. 4. The possible influence of these
two distortions on the pp — dKTKY data is studied in
sect. 5, where it is suggested that both contribute signifi-
cantly to the total cross-section, though their effects tend
largely to mask each other in the K+ K" mass spectrum.
On the other hand, the ratio of the K°d to Ktd mass
distributions seems to depend primarily on the K°d final-
state interaction and only weakly on the parameters of
the ag (980)-resonance. Our conclusions and suggestions
for further work are outlined in sect. 6.

2 Amplitudes and observables

Since the available data [6,7] were taken quite close to
threshold, we here analyse them in terms of the lowest
allowed partial waves. The application of angular momen-
tum and parity conservation laws, together with the Pauli
principle in the initial state, shows that the final parti-
cles in the pp — dK 1T KO reaction cannot all be in relative
s-states. The first permitted final states are therefore Sp
and Ps, where the first label denotes the orbital angular
momentum between the KK pair and the second that
of the pair relative to the deuteron. In either case the ini-
tial pp pair must have spin-one and be in an odd partial
wave. The most general form of the reaction amplitudes
corresponding to these transitions are then:

Msp = asp(p-S)(k-€) +bs,(p-k)(S-€)
tesp(k-S)(p-€') +dsp(p-S)(p-€')(k-p). (2.1)
Mps = aPs(ﬁ'S)(q )+st(ﬁ q ( )
+eps(q-S)(P-€) +dps(p-S)(p-e )(q p). (22)

Here q is the relative momentum between the two
kaons, k the deuteron c.m. momentum, and p is the unit

vector parallel to the beam direction, also in the centre-
of-mass system. The polarisation vectors of the initial pp
pair and the final deuteron are denoted by S and e, re-
spectively. The two sets of coefficients a, b, ¢ and d are
independent complex amplitudes which may, in principle,
depend upon the scalar kinematic quantities ¢2, k2, and
k-q.

Since no spin dependence has yet been measured in the
pp — dK T KO reaction, the square of the matrix element
must be averaged over the initial and summed over the
final spins. This leads to an expression in terms of the
three-momenta that characterise the system:

Mk, q)|2 = Cik* + Ci(p - k)? + Clq* + Ca(p - @)
+Cs(k-q)+Ca(p- k) (P q). (2.3)

The C-coefficients are bilinear combinations of the am-

plitudes of egs. (2.1) and (2.2) [8]:
g _ 1 2 2
Ct = 5(apsl? + lep. ),
.1
0 = 3asyl + les, ),

1
Cy ‘bSp|2 + §|b5p+d5p|2

+Re {agpcsp + (asp + csp)*(bsp + dSp)} )
= [bpal? + 5lops + dpl?
+Re{ap,cps + (aps +cps) (bps + dps)}
C3 = Re {apsagp + cPScfgp} ,
Cy =Re{(aps + cps +bps +dps)”
x(asp + csp + bsp + dsp) + 2bp bsp} -

(2.4)

It is seen from eqs. (2.4) that only KK p-waves con-
tribute to C¢ and Cy and only s-waves to C§ and Cy. The
coefficients C3 and C4 represent the s-p interference terms.
In a first approximation it might be assumed that close to
threshold the C are constant, and the data were analysed
on the basis of this ansatz [6,7]. However, whereas the
spectra obtained at the two different energies could be
fitted well individually, a combined analysis of both data
sets was not possible while keeping the assumption that
the aforementioned coeflicients are constant.

The coefficients C' must be such that the absolute
square of the matrix element of eq. (2.3) should not be
negative anywhere in the allowed (k, g)-space. In practice
it is sufficient to impose the somewhat weaker condition:

4(Cy + BC)(CF + BCa) > (Cs + BCy)? (2.5)
for all 8 in the range 0 < 8 < 1. This positivity require-
ment was not met by the earlier analyses [6,7].

The presence of the ag (980) could distort the K+ K°
s-wave amplitudes of eq. (2.1) and hence introduce a mo-
mentum dependence into some of the C coefficients of
eq. (2.3). However, this basis is not optimal if the vari-
ation with momentum is due mainly to a final-state in-
teraction between the K° and the deuteron. For this it is
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better to couple first the K°d system, i.e. use the basis
{{K°d};K*};. The relationship between the amplitudes
in the two bases is easily found by defining @ as the rel-
ative K°d momentum and K as the momentum of the
KT in the overall c.m. frame. Non-relativistically, these
are connected to the original momenta through

k=Q - aK,
1
q= (1 — 2a> K + Q, (2.6)
where the kinematic factor a = mg/(mg + mg) de-

pends upon the deuteron and kaon masses [8]. The de-
sired expressions are then found by inserting eq. (2.6) into
egs. (2.1) and (2.2).

The spin-averaged matrix element squared has exactly
the same general structure as that of eq. (2.3) but in the
new variables:

IM(K,Q)?=Bf K> +Bi(p- K)*> +BFQ* +Bs(p- Q)?
+B3(K-Q)+Bs(p-K)(p-Q).  (2.7)

The interpretation is also completely analogous, with
Bl and Bj representing the K°d s-waves and ng and
B> the p-waves. The transformation of the observables
between the two bases is given by

1 1
BY = Ck +2C8 + 5Cs,

4 2

1 1

By = ~Cy+ =
2 Cl+402+ 204,

1 1
B = a2Cl + 1(2 —a)?cf — 5@(2 —a)Cl,

1 1
By = a201 + 1(2 — a)202 — 50[(2 — 04)04,

1
B3 = —20(0(]; + 5(2 - a)Cg + (1 - Oé)C’g7
1
B4 = —20(01 + 5(2 — Oé)CQ + (1 — a)C4 . (28)

It should be noted that if the positivity conditions of
eq. (2.5) are imposed in the {{ K°K*}d} basis, they are
automatically satisfied in the {{K°d}K*} basis, and vice
versa.

The amplitudes are normalised such that, for a fixed
total c.m. energy /s, the total cross-section is given by

1 s—ms p—
7= W/ p3pi (|M?]) dMis, (2.9)
P Jmi+ma
where

is the angular average of the squared transition matrix
element of eq. (2.3) or (2.7). The momentum p, of the
incident proton and ps of particle-3 are evaluated in the

Table 1. Results of the fits to the shapes of the differential
distributions on the basis of eq. (2.3) with constant coefficients.
The parameters are measured with respect to CF, whose value
is put equal to unity. The fits push C{ and Cs to the limits
allowed by eq. (2.5) and so they have here both been fixed at
zero. The probabilities P of the different partial-wave configu-
rations have typically uncertainties of +5%.

Q [MeV] 474 104.7 Combined
cl 0 0 0
ck 1 1 1
Cy 0.2493% | 25705, | 0.83103]
Cy 11939 | 3.9722 | 1.9570-28
Cs 0 0 0
Ca —1.970:5 | —6.4%5% | —3.30503
P ({{KTK°}d},) 80% 79% 84%
P ({{K d}.K"},) 64% 72% 65%
P ({{K*d}K }p) 23% 16% 21%
x? /ndf 74.5/42 | 126/55 | 251/100

overall c.m. frame, while that of particle-1, pj, is consid-
ered in the rest frame of the (12) system, where the ef-
fective mass is Mjz. The integral of the k? (¢?) term in
eq. (2.10) is proportional to the probability of the K+ K°
pair being produced in an s (p)-wave, and analogously in
the other coupling schemes.

3 Solutions with constant coefficients

In order to determine the C parameters defined in
eq. (2.3), we performed fits of the measured observables
using GEANT simulated data samples. This method,
which is described in detail in ref. [7], works directly with
the distributions uncorrected for acceptance, which is then
taken into account in the simulation. The results of mak-
ing separate single-energy fits, as well as of a combined
study of the two energies, are shown in table 1.

The current fits include the positivity constraints ex-
pressed by eq. (2.5), which were not taken into account in
the previous analyses [6,7]. Fortunately, the influence of
these constraints on the observables is not very large and
the main results are largely unaffected.

The lowest value of x? would be achieved at both ener-
gies with a negative C{ coefficient. As shown in eq. (2.4),
C{ is given by absolute squares of amplitudes that can-
not be negative. We therefore set C{f = 0 in the fit which,
as a consequence of eq. (2.5), means that C3 must also
vanish. The results of the combined fit to the numbers
of events for different observables, corrected for chamber
efficiencies, are shown in figs. 1 and 2 for the two energies.

The most obvious and striking of the results reported
in table 1 are the probabilities for the different partial-
wave configurations. The K+ K9 subsystem is overwhelm-
ingly in the s-wave, with only about 15% being in a p-
wave. It is therefore clear that the ag (980) channel is
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Fig. 1. Best-combined fit to the efficiency-corrected numbers of events in the 47.4MeV data on the basis of the constant
amplitude ansatz of eq. (2.3). Here (05+,0a,0,) are the c.m. angles of the KT, deuteron, and KT K° relative momentum with
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Fig. 2. The same as fig.

strongly favoured in this reaction. However, it is equally
evident that, since the s-wave probability for K%d of about
two thirds is three times that for Kd, the antikaon is also
strongly attracted to the baryons.

As a cross-check on the analysis, the shapes for the
distributions obtained with the best global fit parameters
were compared with those published in ref. [7] and rea-
sonable agreement was found. Since the previous analysis
was done on the basis of acceptance-corrected data, the
accord means that there is little ambiguity in the results
originating from the uncertainties in the very non-uniform
ANKE acceptance.

cos(6y) cos(6yq)

1 for the 104.7 MeV data.

Figure 3 shows the differential cross-sections in
terms of the three two-particle invariant masses for the
104.7MeV data compared to the results of the global
fit. These acceptance-corrected K°d and K*d distribu-
tions are very different, with lower masses being strongly
favoured in the former case. This is even more obvious
if we compare the ratio of the K°d to K*d distributions
which, to eliminate the effects of the kaon mass differ-
ence, is shown in fig. 3 as a function of the mass excess
AM = My (Kp)—mg —my,. The ratio falls very fast with
ADM in a way that is very similar to that found for the ratio
of the K ~pp and K T pp invariant-mass distributions in the
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Fig. 3. Invariant-mass distributions of the pp — dKTK° dif-
ferential cross-sections at 104.7 MeV. These are compared with
the constant coefficient solution of the combined fit whose pa-
rameters are given in table 1. Also shown is the ratio of the
K°d and K*d distributions, plotted as a function of the mass
excess AM = Min (Kd) — mg — mgq.

pp — ppK T K~ reaction [9]. In this case the strong varia-
tion could be explained in terms of a K~ p final-state in-
teraction, perhaps driven by the A(1405), though it should
be noted that the angular-momentum constraints are far
weaker there.

Although the overall description of the pp — dK+K°
results shown in fig. 3 is reasonable, it is clear that the
data are lower than the fits for high-K°d and low-K*d
masses and this is particulary striking in the plot of their
ratio. A more satisfactory description of these data would
be achieved with a somewhat larger s-state K°d prob-
ability, as indicated by the single energy fit shown in ta-
ble 1. The large difference between P({{K°d}sK*},) and
P({{K*d}sK"},) is probably a global reflection of the
KV final-state interaction but the residual disagreements
may result from distortions introduced by the details of
this FSI and the ag (980)-resonance, to which we now turn.

4 Influence of the ag (980)-resonance and
K°d interaction in final state

Because the mass of the ao(980)-resonance is very close
to the KK threshold, its shape is not described satisfac-
torily by a Breit-Wigner form. The energy dependence of
the width is taken into account in the standard Flatté
parameterisation for the propagator [10]:

N
- m%{[{ - Z‘]\Iao (gﬂ'n%rn + gKf(QKf() 7
(4.1)
where g, and g are dimensionless coupling constants
and very often it is their ratio R = gy /gry that is

Gao (qKI_() =
M2,

8- \
5t
S,
~_ qF
<l
0.88 0.92 0.96 1 1.04
2
M,, [GeV/c]
£
S,
<
O: 1 1 1 1 1 1 1 1 1
0.88 0.94 1 1.06

M,, [GeV/c’]

Fig. 4. Upper panel: the Achasov parameterisation (solid
line) [11] compared with a non-relativistic K™K Flatté func-
tion (dashed line) with the following parameters: g, = 0.614,
R = 1.650, M,, = 1.020 GeV/c?. Bottom panel: the same for
the Oller parameterisation [12] with the following parameters:
Grn = 0.698, R = 1.463, and M,, = 0.959 CGeV/c>.

quoted [2]. For convenience, the normalisation constant
N is chosen here such that G, is equal to unity at the
K*K° threshold. The nominal mass of the resonance is
M,,, mg g is the KK invariant mass, and Gry is the mn
relative momentum in the ag rest frame. It is important
to note that the relative momentum in the K K channel,

1 7

is positive imaginary below the K K threshold.

The uncertainties in the ag(980) parameters as ex-
tracted from the data collected in the different experi-
ments are rather large, as can be seen from the compilation
given in ref. [2]. Although the statistical errors for each
experiment are small, there are significant discrepancies
between the quoted values of the coupling constants. This
might indicate either large systematic uncertainties or be a
consequence of a certain scale invariance of the Flatté pa-
rameterisation [2]. The picture is, however, little changed
if one uses instead a parameterisation based on more fun-
damental theoretical ideas [11-13]. That of Achasov [11]
takes into account the so-called finite-width corrections
to the self-energy loop. As shown in ref. [2], these differ-
ent parameterisations are equivalent in the non-relativistic
limit. To illustrate this, we show in fig. 4 that the spectra

(4.2)
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Fig. 5. Diagrams for the pp — dK K" reaction: a),b) corre-
spond to direct ao(980) production involving strong (7, K K)
coupled-channel effects; c) reflects non-resonant dK ™ K° pro-
duction corrected by the Kd final-state interactions; d) in-
cludes both “rescattering” effects.

of both ref. [11] and ref. [12] can be well described by a
non-relativistic Flatté distribution with modified param-
eters. With the currently available data it is not possible
to distinguish between the relativistic and non-relativistic
forms.

It is to be expected that the pp — dK+K° amplitudes
leading to the s-wave K+ K? final state should be modified
through the introduction of the Flatté propagator G, .
This effectively introduces a momentum dependence into
some of the amplitudes of eq. (2.2) and hence into the
corresponding observables through eq. (2.4).

Despite extensive theoretical work [14], there is also
significant uncertainty in the low-energy Kd interaction.
The situation is nicely summarised in ref. [15], where the
Kd scattering lengths quoted there are typically

agy~ (—1.0 +i1.2) fm, (4.3)
though the spread is quite large, depending upon the the-
oretical assumptions and the experimental data.

In the scattering length approximation, the amplitude
for the production of an s-wave Kd pair should be multi-
plied by an enhancement factor

v
(1-iQag,)’

which depends on the relative Kd momentum Q.

Fra(Q) = (4.4)

5 Fit procedure and results

With the inclusion of final-state interactions in both the
K*TK° and K°d s-wave systems, one is considering the
contributions indicated symbolically in fig. 5 as well as
higher-order rescatterings.

It is important to stress at the outset that the final-
state interaction factors of egs. (4.1) and (4.4) involve
unknown overall normalisations and will, at most, only

do/dM [ub/(GeV/c?)]
do/dM [ub/(GeV/c?)]
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Fig. 6. Invariant-mass distributions of the pp — dKTK° dif-
ferential cross-sections at 104.7 MeV compared with predic-
tions of the combined fit, where FSI distortions are introduced
using the ansatz of eq. (5.1) with the Bugg et al. [16] (dashed
curve) and Teige et al. [17] (dash-dotted curve) parameteri-
sations of the ag (980). The results of the constant amplitude
approach of fig. 3 are presented for orientation (solid line). The
fit to the ratio of the K°d and K*d distributions is insensitive
to the parameters of the ag (980).

describe the momentum dependence of the correspond-
ing s-wave observable. In particular, one cannot determine
the modifications to the s-wave probabilities induced by
the final-state interactions. For this purpose one would
need full KK and Kd “potentials” or their equivalent.
We therefore limit ourselves here to the study of how the
combined final-state interactions distort the mass distri-
butions of fig. 4. For this we follow the procedure of ref. [9]
and assume that the final-state interaction factors are mul-
tiplicative.

In principle, only the s-wave amplitudes should be
multiplied by the corresponding final-state interaction fac-
tor of eq. (4.1) or eq. (4.4). However, we have seen from
table 1 that the s waves are dominant in both the K+ K°
and K°d channels. We therefore make the drastic simplifi-
cation of multiplying the matrix-element-squared (| M?])
by the product of the absolute squares of the final-state
interaction factors:

(IM2[) — (IM2]) x [Fgqa(Q)* x |Gap(@)*. (5.1)
This ansatz means that the p-waves are also modified even
though there should be no final-state interactions in these
channels. On the other hand, the procedure avoids the
introduction of extra parameters that depend upon the
relative phases of the s and p waves.

A new combined fit to the two data sets was under-
taken on the basis of the ansatz of eq. (5.1), and the re-
sults for the invariant-mass distributions at 104.7 MeV are
shown in fig. 6 for both the Bugg et al. [16] and Teige
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Fig. 7. As for fig. 6 but at an excess energy of 47.4 MeV.

et al. [17] parameterisations of the ag (980) which cor-
respond, respectively, to a wide and narrow resonance.
The K+ K9 spectrum is better described when the wider
ag (980) is used but the major improvement seen from the
introduction of these distortions is in the K°/K™ ratio,
where the excellent description depends relatively little
on the parameters chosen for the ag (980)-resonance and
almost entirely upon the K°d FSI.

Owing to the relatively small phase space volume, the
data at 47.4 MeV are not sensitive to the aj (980) parame-
ters (fig. 7). The ratio of the K°d and K*d distributions is
enhanced at the low-mass region. However, this enhance-
ment is weaker than the results of a fit where both ener-
gies are treated together. This is largely due to the higher
statistics and wider Mi,y (K d) mass range at 104.7 MeV.

At low energies both the K+ K° and K%d systems must
be in regions where the cross-section is enhanced by the
two FSI. As a consequence, the total cross-section pre-
dicted using the ansatz of eq. (5.1) shows a slower energy
variation than when the constant coefficients are used.
This is seen clearly in fig. 8, where the results at the
two measured energies [6, 7] are compared with predictions
that are normalised to the 104.7 MeV point.

The introduction of either FSI increases the cross-
section at the lower energy by a similar amount and the
inclusion of both effects improves significantly the agree-
ment with the 47.4 MeV point.

6 Conclusions

We have presented a combined analysis of the measure-
ments of the pp — dK 1KY reaction made with the ANKE
spectrometer at COSY at excess energies of 47.4 and
104.7MeV. The application of the Pauli principle, com-
bined with the conservation of angular momentum and
parity, shows that an overall s-wave is forbidden in the fi-
nal state. There must be at least one p or higher wave. The
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Fig. 8. Total cross-section for the pp — dKTK° reaction as
a function of the excess energy e. Points with errors are the
cross-sections measured with the ANKE spectrometer [6,7].
The dashed line, which is normalised on the 104.7 MeV point,
shows a phase space simulation with the fixed partial-wave
contributions, as defined by the joint fit of table 1. The solid
line shows the corresponding energy dependence after the in-
troduction of the FSI in both the ag (980) and Kd channels.
The inclusion of either the aZ (980) or Kd alone leads to almost
identical results, which are shown by the dash-dotted curve.

data clearly demonstrate that both the K*K° and K%
systems are dominantly in s-waves, while p-waves dom-
inate the KTd channel. The big difference between the
kaon and antikaon interactions with the deuteron is seen
most clearly in the ratio of the differential cross-sections
in terms of the Kd invariant mass. This ratio seems to de-
pend primarily on the Kd interaction. The fast variation
observed there is similar to that found in the K~ pp/K*pp
ratio measured in the pp — ppK ™K~ reaction.

The effects of the ag (980) scalar resonance are more
subtle, though the fact that the K+ K is almost entirely
in an s-wave is a strong indication of its influence. The
shapes of the differential distributions are little changed
from those of the constant parameter solution provided
that both the K°d and KT K final-state interactions are
taken into account. It is then clear that the ag (980) FSI
compensates the K°d distortion of the K+ K 8 spectrum
so that there is a delicate interplay between these two
FSI. More theoretical work is clearly necessary here to get
a fuller understanding and attempts have been made to
study this problem on a more fundamental level [18].

The two final-state interactions taken together en-
hance the ratio of the total cross-section o(47.4MeV)/
0(104.7MeV) and lead to a better description of the pub-
lished data. Within the framework of the simple approach
presented here, even greater sensitivity would be achieved
if we had total cross-section data closer to threshold.
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Russian Academy of Sciences, and COSY FFE.
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